As demonstrated previously in our laboratory, B-1 cells migrate from the peritoneal cavity of mice and home to a distant site of inflammation to become macrophage-like cells. However, the influence that these cells might have on the kinetics and fate of the inflammatory process is not known. Considering that macrophages are pivotal in the inflammatory reaction, we decided to investigate the possible influence B-1 cells could have on macrophage activities in vitro. Our results show that peritoneal macrophages from Xid mice, a mouse strain deprived of B-1 cells, have higher phagocytic indexes for zymozan particles when compared with macrophages from wild-type mice. Moreover, macrophages from wild-type mice have a lower ability to release nitric oxide and hydrogen peroxide when compared with macrophages from Xid mice. Experiments using cocultures of B-1 cells and macrophages from Xid mice in transwell plates demonstrated that B-1 cells down-regulate macrophage activities. These observations also indicate that this phenomenon is not due to a physical interaction between these two cell populations. As B-1 cells are one of the main sources of interleukin (IL)-10, we demonstrate in this study that adherent peritoneal cells from Xid mice produce significantly less amounts of this cytokine in culture when compared with IL-10 production by cells from wild-type mice. When B-1 cells from IL-10 knock-out mice and macrophages from wild-type mice were cocultured in transwell plates, the phagocytic index of macrophages was not altered demonstrating that B-1 cells can influence the effector functions of macrophages in vitro via IL-10 secretion.
INTRODUCTION
Although more than 20 years have passed since the discovery of B-1 cells, a large number of studies have been conducted in order to characterize and determine the origin and function of these cells. These efforts have sparked a good deal of controversy and little knowledge has been added regarding the role these cells might have on the modulation of pathological phenomena, such as inflammation.
It is well established that B-1 cells constitute a minor fraction of the B cell population in spleen and are not detected in lymph nodes of mice. Nevertheless, they represent the main B cell population in the peritoneal and pleural cavities of these animals. 1 They express high levels of surface IgM and low levels of B220 and IgD, but not CD23, whereas conventional B-2 cells express high levels of B220, IgD and CD23 and low levels of IgM.
2 B-1 cells also express low levels of Mac-1, and a subset designated B-1a have intermediate levels of CD5 on their surface. [2] [3] [4] However, IgM and CD5 antigens are lost when B-1 cells migrate out of the peritoneal cavity. 4, 5 Almeida et al. 5 demonstrated in our laboratory that B-1 cells proliferate in spontaneous stationary cultures of normal adherent mouse peritoneal cells. Additional experiments provided support for this conclusion, because when peritoneal cells from Xid mice were cultivated B-1 cells did not proliferate in the culture medium. As demonstrated in the literature, Xid mice have impaired production of B-1 lymphocytes. 6 Further, it was also demonstrated that B-1 cells migrate to a non-specific inflammatory focus and differentiate into a macrophage-like cells. 5 Nevertheless, the role these cells might play on the kinetics and fate of the inflammatory response and on parasite infection is not established. However, it has been demonstrated that Xid mice are significantly more resistant to Trypanosoma cruzi, 7 Paracoccidioides brasiliensis (Godoy et al., in preparation) and lymphatic filarial parasite infections. 8 These data support the hypothesis that B-1 cells could down-regulate the efficacy of effector cells, such as macrophages, to eliminate parasites in the inflammatory milieu. In this regard, it is known that B-1 cells produce and utilize interleukin (IL)-10 as an autocrine growth factor 9 and that this cytokine is an important negative regulator of cell-mediated immunity. 10 Further, it has been demonstrated that IL-10 inhibits the generation of reactive oxygen intermediates, 11 impairs antigen-presenting cell function by macrophages 12 and decreases production of cytokines by these cells in response to interferon (IFN)-c. 13 Based on these data we decided to investigate the possible influence B-1 cells might have on macrophage functions in vitro.
MATERIALS AND METHODS

Mice
Male BALB ⁄c and BALB ⁄c Xid mice, 6-12 weeks old, were obtained from animal facilities from the Department of Immunology, University of Sa˜o Paulo. C57BL ⁄6 wild-type and C57BL ⁄6 IL-10 knock-out (KO) mice were kindly donated by Professor Joa˜o Santana da Silva from the Department of Pharmacology, School of Medicine, USP, Ribeira˜o Preto.
Mice irradiation
Based on evidence that B-1 cells are radiosensitive, 5 mice were lethally irradiated (700 rad) in a Nordion Gammacell, and 2 days later cells from their peritoneal cavities were collected and cultured as described below.
Analysis of peritoneal cell phenotypes
The phenotype of total peritoneal cells obtained from wildtype BALB ⁄c and BALB ⁄Xid, submitted or not to irradiation, was analysed by fluorescence activated cell sorter (FACS). Cells were collected from the peritoneal cavity of the animals by repeated washing with 2 ml of RPMI-1640 medium (Sigma, St Louis, MO) and adjusted at a concentration of 1 · 10 6 cells ⁄sample. These cells were double-stained with phycoerythrin-labelled anti-IgM and FITC-labelled anti-Mac-1 (Pharmingen, San Diego, CA). Controls cells were stained with isotype controls. The analysis was performed in a FACSCalibur (Becton Dickinson, Mountain View, CA).
Adherent peritoneal cells
Peritoneal cells were collected from the abdominal cavity of mice by repeated lavage with 2 ml of RPMI-1640 medium (Sigma). Cell viability was evaluated using the Trypan blue dye exclusion method. Cells (2 · 10 5 cells ⁄ml) were dispensed over round glass coverslips (13 mm) in 24-well flat-bottomed microtest plates (Costar) and the cultures incubated at 37°in 5% CO 2 for 60 min. After incubation, the culture supernatants were aspirated and the nonadherent cells removed. Adherent monolayers were rinsed with RPMI-1640. Subsequently, 1 ml of R10 medium (RPMI-1640 containing 10% of heat-inactivated fetal bovine serum) was added to the cultures. The cultures were maintained at 37°in 5% CO 2 for 3 days.
B-1 cell cultures B-1 cells were cultivated as described by Almeida et al.
5
Peritoneal cells from BALB ⁄c mice were obtained as described above. Cells were incubated at 37°in an atmosphere of 5% CO 2 for 7 days. During this period, the culture medium was not changed and B-1 cells grew in these cultures as free-floating cells. 5 The phenotype of these cells was analysed by FACS as described above.
Phagocytosis of zymosan particles
The adherent peritoneal cells were cultured as described previously. After 72 hr, these cells were challenged with 10 ll of a suspension (2 mg ⁄ml) of Saccharomyces cerevisae zymosan (Sigma) in phosphate buffered saline (PBS) and incubated at 37°for 30 min. The cultures were then washed to remove the particles not internalized and incubated for 30 min more for the uptake of cell membrane-bound particles. The cultures were washed again and the cells fixed with 0AE125% glutaraldehyde (Sigma). The phagocytic index was determined by analysis using phase contrast microscopy. An average of 200 macrophages was counted to determine the phagocytic indexes, calculated as the percentage of phagocytic cells multiplied by the mean number of internalized particles.
IL-10 determination in culture supernatant
Ninety-six-well plates were coated overnight with anti-IL-10 monoclonal antibody produced by the 2A5 hybridoma (Federal University of Rio de Janeiro ⁄UFRJ, Brazil). Plates were washed and blocked with PBS-bovine serum albumin (BSA) 1%. Dilutions of culture supernatants were incubated overnight at 4°, and after washing the wells were incubated with biotin-conjugated anti-IL-10 monoclonal antibodies (mAb) (Pharmingen). After 2 hr incubation, plates were washed; horseradish peroxidase (HRP)-streptavidin conjugate was then added and the plates incubated for an additional hour. After this, the plates were washed and OPD (O-phenylenediamine; Sigma) substrate was added. After developing, the optical density (OD) was determined at 492 nm. The amount of cytokine in each sample was estimated from a standard curve.
NO release in the culture medium Supernatant from adherent peritoneal cell cultures, stimulated or not with zymozan, were harvested and transferred to 96-well flat-bottomed microtitre plates (Costar). A serial dilution of NaNO 2 solution (0AE1-6 nmol) was used as standard curve. Griess reagent solution (1% sulphanilamide, 0AE1% naphthylethylenediamine dihydrocloride separately in 2AE5% phosphoric acid) was added to the wells containing sample aliquots and NaNO 2 dilutions. Thereafter, the plates were read in a microtitre plate reader (MR 4000, Dynatech Chantilly, France) with absorbency at 550 nm. The amount of NO 2 in the culture samples was extrapolated from a standard curve made with different concentrations of NaNO 2 .
Hydrogen peroxide (H 2 O 2 ) secretion Peritoneal cells were collected from the peritoneal cavities of mice by repeated lavage with 2 ml of RPMI-1640 medium (Sigma). Cells were adjusted to 2 · 10 6 cells ⁄ml in a phenol red solution (PBS, 5 mm dextrose, 50 lg of horseradish type II, 0AE28 mm phenol red). One hundred ll of the peritoneal cell suspension was dispensed in 96-well flatbottomed microtitre plates (Costar). Some wells received an additional 2 ll of zymosan suspension (2 ng ⁄ml). The plates were incubated at 37°for 1 hr and the reaction stopped by addition of 10 ll of 1 N NaOH solution.
A standard curve for the determination of H 2 O 2 concentration in the experimental tests was constructed using H 2 O 2 solutions varying from 50 to 200 nmol of hydrogen peroxide. Absorbance was measured at 620 nm in a microtitre plate reader (Mr 4000, Dynatech). Results were expressed as nanomoles of H 2 O 2 per 2 · 10 6 cells.
Statistics
Statistical comparisons were made by analysis of variance (anova) and by Tukey-Kramer test. All values are reported as the mean ± standard error deviation of the mean with significance assumed in the range of P < 0AE05.
RESULTS
FACS analysis confirms that Xid mice are deprived of typical radiosensitive B-1 cells
It has been demonstrated that Xid mice are deficient in B-1 cells; 6 moreover, that these cells are depleted when BALB ⁄c mice are irradiated. 5 Conversely, it is well established that macrophages are radioresistant.
14 In order to confirm these observations further, FACS analysis of peritoneal cells from these mice demonstrates that BALB ⁄c mice have a cell subpopulation that expresses both IgM and Mac-1 (10AE13%). Further, when wild-type mice were irradiated (700 rad) the percentage of IgM + ⁄Mac-1 + cells decreased to 1% of the total number of peritoneal cells. These data confirm that B-1 cells are radiosensitive. 5 In addition, the persistence of Mac-1 + ⁄IgM -cells in the peritoneal cavity of these animals after irradiation confirms the radioresistance of macrophages. 15 Moreover, the data shown here endorse that Xid mice do not have B-1 cells in their peritoneal cavity (Fig. 1a) .
When adherent peritoneal cells were cultivated for 7 days, a large number of free-floating small cells were observed in the culture medium of cells obtained from BALB ⁄c mice, as described. 5 Nevertheless, they were neither observed in cultures of peritoneal cells from Balb ⁄Xid nor in cell cultures from irradiated BALB ⁄c mice (Fig. 1b) .
Macrophages from BALB/Xid or irradiated wild-type mice have higher phagocytic indexes
In order to obtain indirect evidence that B-1 cells might influence macrophage functions, adherent peritoneal cells from BALB ⁄c or BALB ⁄Xid mice, submitted or not to irradiation, were cultivated for 3 days and then incubated with zymosan particles. Macrophages from BALB ⁄Xid mice presented higher phagocytic indexes when compared with phagocytic indexes obtained with cells from BALB ⁄c mice. A significant increase in the phagocytic ability of macrophages from BALB ⁄c mice was observed when these mice were irradiated previously. However, irradiation did not influence phagocytic indexes from adherent peritoneal cells from Xid mice (Fig. 2) . These data show indirect evidence that B-1 cells could modulate the phagocytic ability of macrophages in vitro.
Macrophages from both Xid and irradiated mice release higher amounts of NO and H 2 O 2 metabolites
Results demonstrate that macrophages from Xid or irradiated wild-type mice (data not shown) release higher amounts of intermediary reactives of both nitrogen and oxygen. Nitric oxide (NO) release was enhanced greatly when macrophages from Xid mice were stimulated by zymosan. Conversely, zymosan particles were barely able to stimulate NO release by macrophages from the wild-type mice (Fig. 3a) . Figure 3(b) shows that the basal levels of H 2 O 2 liberation by cells from Xid mice are higher when compared to cells obtained from wild-type mice. Hydrogen peroxide (H 2 O 2 ) release was increased significantly when macrophages from both wild-type and Xid mice were stimulated with zymosan particles. However, release of H 2 O 2 by macrophages from Xid mice was increased when compared to the amount of metabolite released by cells from the wildtype mice. Again, these data suggest that B-1 cells could be down-regulating macrophage effector functions.
Free-floating B-1 cells down-regulate Xid peritoneal macrophage activity
The data described above suggest that free-floating B-1 cells in the supernatant of adherent peritoneal cell cultures might be down-regulating macrophage activity. In order to investigate this hypothesis, free-floating B-1 cells were added to macrophages from Xid mice.
B-1 cells were obtained as described by Almeida et al.
5
Adherent peritoneal cells from BALB ⁄C mice were cultivated and after 5 days, free-floating cells were harvested and prepared for FACS analysis. Results showed that 85% of the total cell population of these samples was concomitantly IgM + and Mac-1 + (Fig. 4a ). The addition of free-floating B-1 cells to Xid-derived cultures down-regulated macrophage phagocytic functions (Fig. 4b) . NO release by Xid macrophages was also decreased (data not shown), thus suggesting that undetermined factor ⁄s produced by B-1 cells could be responsible for the observed phenomenon.
In order to clarify if contact between these two cell populations was necessary to induce the above-described phenomenon, B-1 cells were cocultivated with adherent peritoneal cells obtained from Xid and wild-type mice in transwell chambers.
Peritoneal cells from wild-type and Xid mice were allowed to adhere to glass coverslips placed on the bottom of 24-well plastic transwell plates. After 3 days of culture, B-1 cells or R-10 medium alone were added to the upper compartment. These cocultures were maintained for 24 hr, when phagocytic tests were performed with macrophages from the bottom of the wells. As shown in Fig. 4(c) , phagocytosis by cells from Xid mice at the bottom of the wells was decreased when B-1 cells were added to the upper compartment. Thus, it is concluded that B-1 cell-secreted Nevertheless, the influence of B-1-derived IL-10 on macrophage functions has not been investigated. Results show that the amount of IL-10 in the supernatant of adherent peritoneal cell cultures from wild-type mice increases with time. Conversely, although adherent peritoneal cells from Xid mice do secrete IL-10, an increase in the amount of this cytokine with time could not be observed (Fig. 5a) . However, when adherent peritoneal cells from Xid mice were cultivated with wild-type derived B-1 cells (as described in Fig. 4) , a threefold increase in IL-10 concentration in culture medium was detected (Fig. 5b) . These data indicate strongly that the increase in IL-10 secretion by B-1 cells is the factor responsible for the observed downregulation of macrophages.
B-1 cells from KO IL-10 mice do not modulate macrophage functions
In an attempt to demonstrate this assumption, B-1 cells from KO IL-10 mice were cocultivated with macrophages from wild-type irradiated mice, as described previously. After 3 days of cocultures phagocytic tests were performed. It was confirmed by enzyme-linked immunosorbent assay (ELISA) that macrophages cocultivated with IL-10 KO-derived B-1 cells did not have measurable levels of IL-10; otherwise, macrophages cocultivated with wild-type (Fig. 6a) . Furthermore, B-1 cells from KO IL-10 mice did not inhibit NO release by macrophages as observed previously, when wild-type-derived B-1 cells were used (Fig. 6b) . These data confirm the involvement of IL-10 in the phenomenon described here, allowing us to postulate that IL-10 secreted by B-1 cells is the main suppressor factor of macrophage functions in these cultures.
DISCUSSION
The role of B-1 cells on the kinetics and fate of the inflammatory response has been poorly investigated. However, there is evidence that they migrate to a nonspecific inflammatory focus. 5, 16 A large number of reports, including the results described in this study, demonstrate that Xid mice do not have B-1 cells in the peritoneal and pleural cavities. 6 Recently, Riggs et al.
17 questioned these observations with data that support the existence of B-1 cells in the peritoneal cavity of mice, a controversy to be clarified. Nevertheless, it has been demonstrated that Xid mice are more resistant to some infections. 7, 8, 18 These data suggest that B-1 cells induce down-regulation of effector cells, such as macrophages, in the course of infectious diseases. Results demonstrated in this study support this hypothesis indirectly.
It was shown clearly that adherent peritoneal cells from Xid mice have a higher phagocytic ability when compared with adherent peritoneal cells collected from wild-type mice. Nevertheless, when wild-type mice were irradiated previously the phagocytic indexes of peritoneal adherent cells collected from these animals increased. The mice submitted to lethal irradiation had decreased the B-1 cell population and increased the number of Mac-1 + cells in the peritoneal cavity. Evidence that irradiation per se does not increase the phagocytic ability of macrophages came from results obtained with adherent peritoneal cells from normal and irradiated Xid mice. These observations led us to hypothesize that B-1 cells which are radiosensitive 5 might be regulating macrophage functions.
Supporting this hypothesis, the addition to B-1 cells to adherent peritoneal cells from Xid mice decreased their phagocytic indexes via mannose ⁄b-glucan receptors. 19 The same effect was observed when opsonized sheep red blood cells were tested (data not shown), thus indicating that both mannose ⁄b-glucan and Fc receptors were down-regulated by the presence of B-1 cells. This observation posed two distinct interpretations: either B-1 cells secret a soluble down-regulatory factor of macrophage functions, or the physical contact between B-1 cells and macrophages could be responsible for the observed phenomenon. Experiments using transwell apparatus support the interpretation that B-1 cells secret in culture a factor or factors that downregulate macrophage functions.
The down-regulatory effect of B-1 cells on macrophage functions is not limited to its phagocytic ability. Results show that the release of intermediary reactives of nitrogen and oxygen by macrophages is also impaired in the presence of B-1 cells.
Among the constellation of factors that might be exerting this down-regulatory effect on macrophages, IL-10 was considered to be one of the possible candidates, as it has been demonstrated that IL-10 suppresses the development of cell-mediated immunity by inhibiting macrophage functions. [20] [21] [22] Further, this cytokine inhibits the generation of reactive oxygen and nitrogen intermediate 11 and macrophage activation. 13 It is also known that B-1 cells, B-1a and B-1b, both produce and utilize IL-10 as an autocrine growth factor. 9 Corroborating this interpretation, we have shown that adherent peritoneal cells from wild-type mice produce higher amounts of IL-10 when compared to cultures of adherent cells obtained from Xid mice which lack B-1 cells in their peritoneal cavity. The addition of B-1 cells to cultures of adherent peritoneal cells from Xid mice increased the amount of IL-10 secreted in the culture medium, further supporting the hypothesis that the B-1 cell down-regulatory effect on macrophages might be mediated by This interpretation was demonstrated clearly when IL-10 KO-derived B-1 cells was not able to down-regulate macrophage functions. Macrophages cocultivated with IL-10 KO B-1 cells did not decrease phagocytic index and NO release, as observed when B-1 cells from wild-type mice were added to macrophage cultures.
Taken together, these data demonstrate clearly that B-1 cells down-regulate macrophage functions in vitro. Considering that these cells migrate to an inflammatory milieu, where they become a mononuclear phagocyte, it is reasonable to speculate that B-1 cells might be exerting a down-regulatory effect on inflammatory macrophages thus, on one hand, impairing tissue damage and on the other hand, facilitating the persistence of parasites in the host tissues.
